We report a facile grafting-from strategy towards the synthesis of inorganic-organic composites of semiconductor nanocrystals and wide-bandgap polymers. Amino-functional fluorenes have been used as co-ligands for CdSe nanocrystals, thus enabling us to design their surface directly during the synthesis. Highly monodisperse, strongly emitting CdSe nanocrystals have been obtained. Subsequently, a straightforward Yamamoto C-C coupling protocol was used to carry out surface polymerisation, hence modifying CdSe nanocrystals with oligo-and poly(fluorene) moieties. Both amino-fluorene capped CdSe nanocrystals and the resulting nanocrystal-polymer composites were characterized in detail by optical and FT-IR spectroscopy, TEM, AFM, and gel permeation chromatography, showing their potential as novel functional inorganic-organic hybrid materials.
Introduction
The search for novel functional materials with forthcoming applications in photovoltaics and optoelectronics [1] [2] [3] [4] [5] [6] [7] [8] [9] as well as in bio-medicine 10 is ongoing. While organic semiconducting polymers 11 are in the focus due to their easy processing and mechanical flexibility, inorganic semiconductor nanocrystals (NCs) 12 are favoured due to their size-dependent optical properties. A new trend in materials design privileges a combination of both, organic and inorganic, components in order to produce hybrid structures combining the preferred properties of both classes of materials. 1, [13] [14] [15] [16] [17] [18] The direct linkage via the so-called ''grafting-on'' synthetic pathway of the pre-designed functional organic molecules onto the CdSe NCs using poly(thiophenes), 1 as well as the ''grafting-from''-based approach, growing polymer chains on the basis of poly(para-phenylene vinylene) 13 or P3HT 18 from the pre-designed CdSe surface, has been reported. In both cases, direct linkage of organic and inorganic components offers the advantage to achieve well-defined materials while avoiding aggregation commonly observed in simple blend 19 or layered 20 systems. Poly(fluorene)s 11, 21 in combination with CdSe NCs were found to suppress the polymer's ketodefect in light-emitting diodes 9 and to enhance the efficiency of photodiodes. 5, 6 Hybrid structures of wide-bandgap semiconducting polymers and strongly luminescent semiconductor NCs offer favourable perspectives in display technology through a combination of low-cost, large-area processability with a highly saturated emission colour. Further field of possible applications is hybrid organic-inorganic solar cells. In this work, we report a facile grafting-from strategy allowing us to modify CdSe NCs with blue light-emitting wide-bandgap oligo-and poly(fluorene)s. We have used a functional amino-fluorene as a ligand providing end-capping to CdSe NCs directly at the synthesis stage. Subsequently, two different kinds of inorganic-organic nanocomposites on the basis of amino-fluorene functionalized CdSe NCs with varying fluorene chain-lengths were obtained via a facile nickel(0)-mediated Yamamoto C-C coupling protocol.
Results and discussion
The target amino-functionalized fluorene ligand 6, 6 0 -(2,7-dibromo-9H-fluorene-9,9-diyl)dihexan-1-amine (Fl-NH 2 ) has been obtained by a Gabriel protocol via 2,2 0 -(6,6 0 -(2,7-dibromo-9H-fluorene-9,9-diyl)bis(hexane-6,1-diyl))diisoindoline-1,3-dione (Fl-imide), starting from 2,7-dibromo-9,9-bis(6-bromohexyl)-9 H-fluorene (Fl-Br) 22 (Scheme 1a). It was introduced as a coligand into the standard synthesis of CdSe NCs, 13 in order to obtain amino-fluorene modified CdSe NCs 1 (Scheme 1b). CdSe NCs synthesized using standard stabilizing ligands n-hexadecylamine and tetradecylphosphonic acid 13 have been prepared as well and served as a reference sample (CdSe ref). The presence of Fl-NH 2 in the reaction mixture strongly slowed down the growth kinetics of CdSe NCs. CdSe ref sample has grown to 4.8 nm (estimated from absorption spectra using the sizing curve of ref.
23) in only 3 min, while 3.5 nm sized CdSe NCs have been obtained in the synthesis of 1 after heating for 5 min at the same temperature (Fig. 1a) . Fig. 1a also confirms the high quality of 1 in terms of four sharp, well-resolved absorption maxima pointing out on the high degree of monodispersity of NCs, a narrow emission band with a maximum at 580 nm and a sufficiently strong room temperature quantum efficiency of 9% estimated by comparison with Rhodamine 6G. High-resolution TEM image shows high crystallinity of nanoparticles, with lattice planes ascribed to hexagonal CdSe phase (Fig. 2a) . The high monodispersity of 1 is directly evidenced from TEM ( Fig. 2b) , with particles readily forming a close-packed monolayer on the TEM grid.
CdSe ref and CdTe NCs 1 have been purified by several cycles of re-dissolving in toluene and subsequent precipitation in methanol in order to remove excessive and weakly bound surface ligands, and FT-IR measurements have been performed. They manifest the linkage of the target ligand Fl-NH 2 on the CdSe surface of 1 by the band at 2359 cm
À1
, which was assigned to the stretching vibration of the surface-bound NH 2 group (Fig. 3a) . In the case of CdSe ref the band at 2359 cm À1 , which may also originate from the surface-bound amino-group of n-hexadecylamine, appears to be much weaker (Fig. 3a) . Considered together with the strongly slowed down growth kinetics upon introduction of Fl-NH 2 into the reaction mixture, this observation points out on the higher affinity of Fl-NH 2 towards the CdSe surface as compared to n-hexadecylamine. Amines in general have strong coordination ability with CdSe, 1,24,25 while ligands offering chelating groups provide most favourable capping for CdSe NCs. 26 This means that the surface of CdTe NCs 1 has a higher coverage with ligand Fl-NH 2 grafted through its amino-groups as compared to the amount of amino-groups of n-hexadecylamine bound to the surface of CdSe ref NCs.
Gel permeation chromatography (GPC) analysis of 1 does not show any pronounced molecular weight distribution, giving a peak at just 736 Da (see ESI †), which is much lower than the molecular weight of a II-VI NC estimated from the mass of constituting elements for a given NC size (10) (11) (12) . This points out that the GPC data, which are obtained relative to poly(methyl methacrylate) standards, cannot be regarded as Scheme 1 (a) Synthesis of the target amino-functionalized fluorene ligand 6, 6 0 -(2,7-dibromo-9H-fluorene-9,9-diyl)dihexan-1-amine (Fl-NH 2 ) by a Gabriel protocol via 2,2 0 -(6,6 0 -(2,7-dibromo-9H-fluorene-9,9-diyl)-bis(hexane-6,1-diyl))diisoindoline-1,3-dione (Fl-imide) starting from 2,7-dibromo-9,9-bis(6-bromohexyl)-9H-fluorene (Fl-Br). (b) Amino-fluorene modified CdSe NCs 1 used to obtain NC-oligofluorene composite 2 and NC-poly(fluorene) composite 3. absolute values for inorganic NCs, whose hydrodynamic volumes are different and are certainly not comparable to any utilized polymer standards. We have further compared 1 to CdTe NCs of the estimated molecular weight of 6 kDa (ESI †), with the similar result of a strongly underestimated molecular weight derived from GPC data. This comparison illustrates that for inorganic NCs, GPC molecular weights generally cannot be regarded as absolute even though different elution volumes can be obtained for the different species. In order to obtain CdSe NCs with oligomerized surface ligands 2 (Scheme 1b), a facile Yamamoto protocol 27 using 1 as a starting material, Ni(0)(COD) 2 as a C-C coupling mediator and THFtoluene 1 : 1 (v/v) as a solvent was applied. After a conventional work-up and purification via preparative size exclusion chromatography, composite 2 was obtained in a yield of 71%. Its absorption spectrum (Fig. 1b) clearly reveals the predominant contribution from the inorganic (CdSe NCs) part of the composite. The emission spectra of 2 taken at two different excitation wavelengths (350 nm, where both fluorene moieties and NCs are excited and 470 nm, where excitation of the former is negligible) show the contribution from both constituents, oligofluorene and CdSe NCs (Fig. 1b) . The room temperature quantum efficiency of CdSe NCs in 2 is strongly decreased, down to <1%. TEM of 2 shows the presence of non-agglomerated nanoparticles (Fig. 2c ). The absence of NC aggregates rules out inter-particle polymerisation, pointing out that the fluorene monomers rather undergo intra-particle oligomerisation at the CdSe NC surface. This is supported by the prevailing contribution of NCs to the absorption of the composite 2, and further confirms that the surface of 1 is indeed grafted with a sufficient number of Fl-NH 2 .
GPC elugram pattern of 2 shows the coexistence of two similar species with molecular weights in the range of 1700 Da (ESI †). This molecular weight, which refers to the weight of oligomers formed at the NC surface, shows that the catalytic Yamamoto cycle breaks up after three repeating units of Fl-NH 2 to undergo intra-particle oligomerisation. The interruption of the polymerisation cycle can be assigned to the limited availability of polymerisable monomer units due to the space limitations at the surface of the NCs. MALDI-TOFMS has been carried out in order to independently analyse the molecular weight of the organic component within the nanocomposite 2. m/z values of a trimer-Br have been identified, supporting the findings of the GPC analysis with respect to the organic counterpart of 2.
Composite 3 (Scheme 1b) was prepared applying similar Yamamoto procedure 27 but additionally introducing 2,7-dibromo-9,9-dioctyl-9H-fluorene as a co-monomer inducing chain growth at the surface of CdSe NCs. After purification, a polymer-like material was obtained in a yield of 83%. Both absorption and emission spectra of 3 are clearly dominated by the poly(fluorene) moieties, and the emission of CdSe NCs is completely quenched (Fig. 1c) , while TEM clearly indicates the presence of CdSe cores in the composite (Fig. 2d) . FT-IR spectra of both 2 and 3 show a pronounced band at 2359 cm À1 (Fig. 3b) , confirming that the linkage between the CdSe NC and the Fl-NH 2 ligand through the surface-bound NH 2 group remains intact during the polymerisation procedure. The molecular weight distribution of the organic component (M w ¼ 4738 g mol À1 ) of 3 determined by GPC analysis (ESI †) elucidates the occurrence of the polymerisation as well. MALDI-TOFMS data for 3 illustrate a broad distribution range of the organic component from the monomer to the dodecamer.
AFM images of films obtained by dip-coating 1 in toluene and 2 and 3 in chloroform on glimmer (Fig. 4) reveal greatly The linkage of the target ligand Fl-NH 2 on the CdSe surface is manifested by the band at 2359 cm À1 , which was assigned to the stretching vibration of the surface-bound NH 2 group. increased average surface roughness (see ESI †) of the composite materials (25.5 nm for 2 and 70.9 nm for 3), as compared to only 0.7 nm for 1. The clustering is related to the changed surface chemistry of 2 and 3 as compared to 1, for the samples prepared in the similar way (dip-coated from concentrated solutions). Poly(fluorene) chains have a general tendency to fold/agglomerate, 28 and as they build the major part of the hybrid composite 3 the formation of large clustered agglomerates is in particular observed in this case (Fig. 4c) .
Analysing integrated photoluminescence (PL) spectroscopy data ( Fig. 1) , neither for 2 nor for 3 reliable signatures of energy transfer from polymer to NCs, have been observed. In our previous study we have found out that in organic/inorganic composites resonant energy transfer and charge transfer, from organic to inorganic component, are competing processes.
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Short separation distances provided by the direct chemical binding may favour efficient charge separation between the organic and inorganic components, leading to PL quenching of both polymer and NCs in the composites. In order to get an insight into the photophysics of the composites synthesized in this work, we have performed time-resolved PL measurements, which showed that CdSe NCs within composites 1 and 3 have considerably faster PL decays compared to the CdSe ref NCs (Fig. 5) .
This finding is consistent with the PL quenching observed in the steady-state emission measurements (Fig. 1) and supports the hypothesis of charge separation process between CdSe NCs and fluorene moieties, which renders these hybrid materials promising for photovoltaic devices. Taking into account that PL kinetics of CdSe NCs in composites 1 and 3 are coinciding within experimental errors (Fig. 5) , we conclude that optoelectronic properties of the composites are provided by the chemical binding of the monomers to the NC surface and are not affected by the polymerisation procedure.
Experimental section
Instrumentation UV-vis absorption spectra were taken on a Jasco V-550 spectrophotometer, and time-integrated PL spectra were measured on a Cary Eclipse fluorescence spectrometer. Time-resolved PL measurements were done with a streak camera (Hamamatsu C5680) combined with the spectrometer (Cromex, 40 gr mm À1 grating). The frequency doubled output of the mode-locked titanium-sapphire laser (150 fs, 100 kHz) was used as an excitation source at 400 nm. Infrared measurements were conducted on a JASCO FT/IR-4200 Fourier-Transform Spectrometer. Transmission electron microscopy (TEM) images were recorded on a JEOL JEM-1011 electron microscope at an accelerating voltage of 100 kV on samples strongly diluted by chloroform. AFM measurements were performed using a diInnova microscope from Veeco in the tapping mode. The samples were drop casted on glimmer, from chloroform or toluene dispersions of 10 mg mL À1 concentration. The silicon cantilevers used were between 215 and 235 mm in length and had a resonance frequency of approximately 84 kHz, while the tip height was between 15 and 20 mm. Gel permeation chromatography (GPC) analysis was carried out on a Jasco AS2055 Plus apparatus using Jasco UV/VIS-2070/75 and Jasco RI-2031 as detectors (GRAM columns, dimethylformamide (DMF) as an eluent with ammonium hexafluorophosphate 5 mM as the salt). For the determination of the molecular weights, a calibration based on poly(methyl methacrylate) standards was applied. Mass spectra were obtained using a Bruker micrOTOF instrument equipped with an electrospray ionization source (ESI-MS) and a Shimadzu Biotech Axima matrix-assisted laser-desorption ionization timeof-flight mass spectrometer (MALDI-TOFMS). MALDI-TOF samples were prepared by drop-casting THF solutions of the composites without the addition of a matrix. 
Materials
All reactions were carried out under inert conditions (argon). 1,6-Dibromohexane, tetrabutylammonium bromide, potassium phthalimide, bis(1,5-cyclooctadiene)nickel(0) and bipyridine were purchased from Acros, hydrazine monohydrate and 1,5-cyclooctadiene from Aldrich, 2,7-dibromofluorene from Synthon and bromobenzene from Merck. 2,7-Dibromo-9,9
0 -bis(6-bromohexyl)-9H-fluorene 30 and composites 2 and 3 were synthesized according to literature known procedures. All polymerisations were performed in extra dry THF and toluene added in a 1 : 1 (v/v) proportion. 
2,2
0 -(6,6 0 -(2,7-Dibromo-9H-fluorene-9,9-diyl)bis(hexane-6,1-diyl))diisoindoline-1,3-dione 32 . 2,7-Dibromo-9,9 0 -bis(6-bromohexyl)-9H-fluorene (1 g, 1.54 mmol) was added into a DMF solution (30 mL) of potassium phthalimide (1.426 g, 7.7 mmol). The reaction mixture was kept at 70 C for 24 hours and allowed to cool down to room temperature. CHCl 3 was added to the reaction mixture and extracted with water (3 Â 50 mL). The organic phase was washed with a 0.2 M solution of NaOH (1 Â 50 mL) and water (1 Â 50 mL), dried over MgSO 4 and the solvent was removed by reduced pressure. The resulting yellowish oil was purified by column chromatography (silica, n-hexane-ethyl 
2,7-Dibromo-9,9
0 -bis(6-aminohexyl)-9H-fluorene 32 . Hydrazinolysis of 2,2 0 -(6,6 0 -(2,7-dibromo-9H-fluorene-9,9-diyl)bis(hexane-6,1-diyl))diisoindoline-1,3-dione (0.74 g, 0.95 mmol) occurred by dissolving it in 99.8% ethanol and hydrazine monohydrate (0.2 mL, 4.13 mmol). The reaction system was refluxed overnight and subsequently allowed to cool down to room temperature, washed with brine (1 Â 90 mL) and its pH adjusted to 12 by means of a 50% w/w NaOH solution (30 mL). The organic phase was extracted with CH 2 Cl 2 (2 Â 100 mL), dried over Na 2 SO 4 and the solvent was removed by reduced pressure. A brownish solid was obtained (0.39 g, 49%). Found C, 57.49; H, 7.14; N, 4.48%. Anal. Calc. for C 25 C-N, stretching), 1003 (m, C-C, skeleton), 808 (s, N-H, out-ofplane bending), 724 (m, C-C, skeleton) 0 -bis(6-aminohexyl)-9H-fluorene were heated under argon to 270 C. After formation of a transparent solution 0.4 g of selenium in 4 g of tris-n-octylphosphine were added via a septum. After 5 minutes of heating under argon at 270 C, the reaction was stopped and NCs were purified by several cycles of precipitation with methanol and redissolution in toluene.
Synthesis of nanocomposites 2 and 3 -general procedure. Composite 1 alone or with 2,7-dibromo-9,9
0 -dioctyl-9H-fluorene, 33 Ni(COD) 2 , 2,2 0 -bipyridine and 1,5-cyclooctadiene were added together in a Schlenk tube. Subsequently, a THF-toluene 1 : 1 mixture (20 mL in total) was added to the reaction system and was allowed to stir for 3 days at 90 C. 3 Hours before stopping the reaction, 0.05 mL of bromobenzene were added and after cooling down to room temperature the reaction solution was taken with chloroform and washed with 2 N HCl (1 Â 100 mL), saturated NaHCO 3 solution (1 Â 50 mL) and water (2 Â 100 mL). The organic phase was dried over Na 2 SO 4 and the solvent removed by reduced pressure. The residue was isolated as such (composite 2) or was dissolved in chloroform (1-2 mL) and precipitated in methanol (300 mL) in the case of composite 3 and further purified over size exclusion chromatography (Biobeads). IR (n max /cm 
Conclusions
In conclusion, highly monodisperse, crystalline, strongly emitting CdSe nanoparticles surface-modified by amino-fluorene moieties have been synthesized by a one-step reaction using 6, 6 0 -(2,7-dibromo-9H-fluorene-9,9-diyl)dihexan-1-amine (Fl-NH 2 ) as a co-ligand. FT-IR data confirm the formation of surface bond of ligand's NH 2 groups and the CdSe surface. Fl-NH 2 -modified CdSe NCs have been used as a starting material in a straightforward Yamamoto C-C coupling protocol to obtain oligofluorene capped CdSe NCs as well as non-aggregated CdSe NC surrounded by poly(fluorene). Emission of CdSe NCs has been strongly quenched, the effect which we ascribe to the charge separation between CdSe NCs and fluorene moieties. The synthetic approach demonstrated here provides a general synthetic pathway to polymer-capped semiconductor NCs, where altering the polymer structure, the NC size and composition and the chemical linking of the two components, the key parameters of the hybrid inorganic-organic composites (e.g. relative and absolute HOMO/LUMO levels, polymernanoparticle distance, film morphology) can be altered in a controlled way. The high degree of control over the electronic and optical properties of hybrid inorganic-organic composites provided by this synthetic concept is a key issue for successful implementation of hybrid materials in photovoltaic and optoelectronic applications.
